simultaneous detection of disseminated tumor cells (DtCs) and circulating tumor cells (CtCs) was shown to be associated with an especially poor prognosis and increased incidence of disease-related deaths in non-metastatic breast cancer patients. We analyzed the occurance of DtCs and CtCs in patients with primary breast cancer and evaluated the correlation of their presence with other prognostic markers and investigated the changes in DtCs/CtCs number at different time points during treatment.
breast cancer is the most common invasive cancer in women with a incidence in all developed countries, especially northern and western europe and North america. time survival rates have been steadily increasing, partly due to earlier diagnosis as a result of mammography screening programs and improving treatment. Despite these advances however, at diagnosis 5% of patients demonstrate clinically detectable metastases and an additional 30-40% have occult metastases [1, 2] which may lead to disease relapse. Detection of disseminated tumor cells (DtCs) in bone marrow (bM) and circulating tumor cells (CtCs) in peripheral blood (Pb) has emerged as one of the hottest fields of cancer research as there is a need for new prognostic/predictive markers that can improve stratification of breast cancer patients. The availability of early predictive markers of treatment response could prevent exposure to ineffective therapies as well as unnecessary treatment in patients with refractory disease [3] . The application of DtC and CtC analyses was mentioned for the first time in 2007 in the american society of oncology (asCo) recommendations on tumor markers [4] . several large studies have shown that the presence of DtCs in bM after adjuvant therapy is a predictor of poor prognosis [5, 6, 7] . Patients with high-risk breast cancer (more than three involved axillary lymph nodes or lymphangio-invasion) receiving standard taxane or anthracycline chemotherapy regimens were monitored by bM analysis before and after adjuvant chemotherapy. The presence of tumor cells after therapy was associated with an extremely poor prognosis and pointed to a heterogeneous response treatment. Despite its proven clinical utility, the collection of bM is problematic and requires invasive procedures that are unpleasant for the patient and inconvenient for the physician. to date, it is not clear whether CtC measurements could replace the examination of bM. it is well known that 25% of patients with stage i breast cancer will experience systemic relapse. Many prognostic markers have been proposed, but none of them is able to reliably identify this high-risk subgroup of patients. CtCs represent a possible tool: their delivery into the circulatory system is recognized as the first step in the hematogenous metastatic process [8] . some authors have focused on the association of pathologic characteristics of the primary tumor and the presence of CtCs, and some reports have demonstrated an association between Her2 overexpression and the presence of CtCs [9] . little data are available on evaluating the possible modification of CtC detection in the perioperative period of patients undergoing surgery for operable breast cancer. However, this information may increase our knowledge of the biology of the metastatic process and in particular, about the impact of surgery on the release of cells into the bloodstream. Moreover, detection of CtCs in the blood after resection of the primary tumor and their analysis during the follow up of breast cancer patients could be of clinical value with respect to earlier prediction of recurrence, possibly an advantageous method in comparison to elevations of serum tumor markers. in the present study, we investigated the occurrence of DtCs in bone marrow and CtCs in peripheral blood from patients with non-metastatic breast cancer and we evaluated the correlation of their presence with standard prognostic markers, including tumor size, tumor histologic grade, estrogen receptor (er) status, progesterone (Pr) status, human epidermal growth factor status (Her2 gene amplification) and the status of axillary lymph nodes. We assessed the correlation between DtCs in bone marrow and CtCs in blood, and subsequently, we explored the changes in DtCs/CtCs at different time points during treatment.
Patients and methods
Patients. The study was conducted at the General university Hospital and First Faculty of Medicine, Charles university in Prague. The recruitment period was between January 2010 and september 2013. The study protocol was approved by the institutional ethics Committee. in total, 50 primary breast cancer patients (t1 to t4, N0 to N2, M0) were included in the study. Patient tumor characteristics at the time of diagnosis are summarized in table 1. Metastatic spread was excluded by chest X-ray, liver ultrasound and bone scan. The cut-off used to define hormone receptor positivity was 5% of stained cells. Her2 status was considered positive if the Hercepttest result was 3+. in doubtful cases (2+), a fluorescent in situ hybridization was done. all patients provided informed written consent before enrollment into the study. We had two subgroups of patients. in the first subroup, patients were treated initially with neoadjuvant chemotherapy (NaCt), followed by surgery and adjuvant treatment. Patients with t2-4 N0-2 were included in this subset of patients. We investigated bone marrow and peripheral blood of 29 patients before NaCt and after completion of NaCt at the time of surgery. The second subgroup of 21 patients with t1-2 N0-1 underwent primary surgery followed by adjuvant treatment. bone marrow aspirates and peripheral blood samples were obtained from the patients under general anesthesia at the time of surgery (breast-conserving surgery or breast ablation and axillary clearance). Follow up sampling was performed after 12 months of adjuvant treatment.
Collection of bone marrow. Five ml of bone marrow was aspirated from sternum under local anaesthesia or under general anesthesia at the time of surgery to the bD vacutainer® Collection of peripheral blood. seven ml of peripheral blood was drawn either into bD vacutainer® k 3 eDta tubes (becton Dickonson Diagnostics, usa) for immediate processing or into adnaCollect tubes (adnaGen GmbH, langenhagen, Germany) for processing within 24h after collection. Peripheral blood samples were collected at the same time as bone marrow samples.
Processing of bone marrow samples. aspirate of bone marrow was poured into a 50 ml tube and filled up with Hanks solution to a volume of 20 ml and centrifuged for 10 minutes at 168 x g. The upper layer was discarded and the pellet was resuspended. This cell suspension was used for separation by density gradient centrifugation to obtain the fraction of mononucleated cells using leucosep™ tubes (Greiner bio-one GmbH, Germany). Density gradient centrifugation was performed according to the manufacturer´s instructions. The interphase layer containing mononucleated cells was washed with 10 ml of phosphate-buffered saline (Pbs) and then centrifuged for 10 minutes at 250 x g. This step was repeated twice, then the cell pellet was resuspended with 5 ml of Pbs. The cellularity was counted and cell suspension as a concentration of 1 x 10 6 /900 ul cells was adjusted. 300 ul of cell suspension were pipetted onto each spot area on poly-l-lysine coated glass slides (Poly-Prep slides, sigma-aldrich). The slides were incubated in a moist chamber for 30 minutes at room temperature and left at room temperature to dry completely.
Immunofluorescent staining of disseminated tumor cells. slides with air-dried cell suspension were fixed with 3.7% solution of p-formaldehyde for 10 minutes at room temperature. They were washed three times with Pbs and then 0,5% tween 20 solution was added and the slides were incubated for 15 minutes at room temperature. They were washed three times with Pbs and antibody solution was applied. The antibody solution consisted of dilution buffer (Couating stabilizer and blocking buffer, sigma aldrich) and pan-cytokeratin antibody conjugated with FitC (Monoclonal anti-Cytokeratin antibody F3418, sigma aldrich). The antibody solution was incubated for 12h at room temperature in the dark. The slides were then washed with Pbs and mounted with mounting media Prolong® Gold antifade reagent with DaPi (Molecular Probes®, life technologies). The slides were observed using fluorescent microscope olympus bX51.
Processing of peripheral blood samples and detection of circulating tumor cells. Peripheral blood samples were used for immunomagnetic separation and detection of circulating tumor cells using the commercial available system the adnatest breast Cancer™ (adnaGen GmbH, langenhagen, Germany). The peripheral blood was processed according to the manufacturer´s instruction. epithelial cells were incubated with ready-to-use mixture of antibody (against Ga733-2 and MuC1). The labelled cells were extracted by a magnetic particle concentrator and further lyzed. The cell lysate was used for isolation of mrNa using Dynabeads mrNa DireCt Microkit (Dynal biotech GmbH, Hamburg, Germany). mrNa was used for reverse transcription which resulted in cDNa. cDNa was used as the template for tumor cell detection and characterization by multiplex PCr (polymerase chain reaction) and PCr fragment of three tumor associated antigens and one control gene were generated. The primers generated fragments of the following sizes: Ga 733-2, 395 bp; MuC1, 293 bp; Her2, 270 bp and actin 114bp. visualization of PCr fragments was processed with a 2100 bioanalyzer using DNa 1000 labchip (agilent technologies, santa Clara, Ca, usa) and the expert software Package (agilent technologies, version b.02.08).
Statistical analysis. Prior to running the experiments, the required sample size was calculated by the freeware epi info tM 6.04 from the Centers for Disease Control and Prevention (usa). The statistical software statistiCa Cz version 12.0 (statsoft inc, usa) was used for further statistical tests. standard descriptive statistics were used to describe frequency distributions for categorical data and medians and interquartile ranges for other variables. summary data are expressed as medians {interquartile range} or percentage. Fisher's exact test was used for the calculations of exact probability value for the relationship between two dichotomous variables. Different groups were compared using a two-tailed kruskal-Wallis non-parametric test. The spearman rank test was used for correlations between variables. a two-tailed p-value ≤0.05 was considered statistically significant.
Results
Clinicopathologic characteristics of the patients. a total of 50 female patients, median age 37 years (interquartile range 33.75 -40.50 years) were included in the study. twenty four out of 50 (48 %) patients had t1 tumors, 19 patients (38 %) had t2 tumors and the rest were characterized by t3/t4 tumors. before the surgery, in 18 patients (36 %) lymph node involvement was detected (N1 or N2 nodal status). Most primary tumors were ductal invasive (88%). The primary breast tumor was categorized as low grade in 3 patients, intermediate grade in 20 patients, and high grade in 27 patients. in tumor biopsies, Her2 expression was positive in 11/50 of females (22 %), er positivity in 30/50 (60 %) cases and Pr positivity in 29 out of 50 patients (58 %). triple negativity (er negative/Pr negative/ Her2 negative) was found in 28% (14/50) . Clinical data are presented in detail in table 1.
Occurrence of CTCs and DTCs in relation to the TNM characteristics of the disease. initially, CtCs were detected in 11 of 50 patients (22 %). Distribution of CtCs in relation to tNM classification is shown in table 2. initially, DtCs were found in 15 out of 50 (30 %) patients, see table 3. Thus, only DtCs showed significantly higher positivity in patients with the advanced disease staging. This could be applied for the primary tumor size (t category) and lymph node involvement (N category). We found no correlation between CtCs and DtCs findings (r = -0.097, p = 0.504).
Occurrence of CTCs and DTCs in relation to the hormonal receptor and HER2. CtCs were detected in 23% patients with er positive disease versus 20% of patients with er negative disease, in 21% of patients with Pr positive disease versus 24% patients with Pr negative disease, and in 18% patients with Her2 positive disease versus 23% of patients with Her2 negative disease. DtCs were observed in 20% patients with er positive disease versus 45% of patients with er negative disease, in 24% of patients with Pr positive disease versus 38% patients with Pr negative disease, and in 36% patients with Her2 positive disease versus 28% of patients with Her2 negative disease. in summary, CtCs were equally prevalent in patients regardless of the presence or absence of standard prognostic and predictive markers such as er, Pr and Her2. in contrast, DtCs showed significantly higher prevalence in er/Pr-negative females. in Her2-positive cases, DtC presence was significantly more frequent. Correlation between the presence of CTCs in the blood and DTCs in bone marrow. The detection of both CtCs and DtCs was initially performed in 50 patients in this study. two of 50 patients demonstrated the presence of both CtCs and DtCs. The clinicopathologic features of these two patients did not differ significantly from the features of patients who had either CtCs or DtCs or from the features of patients who were negative for minimal residual disease. We detected CtCs alone in 9 of 50 patients and DtCs alone in 13 of 50 patients. basically, there was no correlation between the occurrence of CtCs and the occurrence of DtCs in this study (p=0.054). twenty six of 50 patients showed no evidence of CtCs or DtCs. The clinicopathologic features of these twenty five patients did not differ significantly from the features of patients with minimal residual disease. to obtain information on the frequency of CtCs and DtCs during the course of treatment, serial examinations were done before and after treatment in randomly chosen patients (i.e. the selection was CTCs during treatment. of 32 females with repeated CtC detection, there were 22 with initially negative CtC examination and 10 patients with positive CtCs. Three of the initially negative patients (13.6%) became positive in control sampling. During therapy, CtCs disappeared in 9/10 (90%) patients who had initially detectable CtCs in peripheral blood samples, see Figure 2 .
DTCs during treatment. of 21 repeatedly examined patients, there were 12 DtC-negative and 9 DtC-positive females. 41,7% (5/12) of initially negative patients became positive in control sampling. only two patients with DtC positivity in the first sample remained positive, most of these (7 out of 9) became negativity at follow up examination, see Figure 2 .
DTCs/CTCs changes in adjuvant and neoadjuvant subgroup of patients. in the first group of patients, we analyzed DtCs in bone marrow and CtCs in blood before and after neoadjuvant chemotherapy. a total of 29/50 were treated with neoadjuvant chemotherapy. initially, DtCs were found in 11 out of 29 (38%) patients and CtCs in 5 out of 29 (17%) patients. Control sampling of DtCs/CtCs was done after neoadjuvant chemotherapy. We identified DtCs in 37% of patients after the completion of NaCt. only two patients with DtC positivity before NaCt remained positive after completion of NaCt. Four of 18 patients (22%) initially DtC negative became DtC positive in control sampling. repeated analysis of blood revealed the occurrence of CtCs in 1 of 5 patients that were initially positive, whereas CtCs were detected in three initially negative patients, see Figure 3 . of these 29 patients, 9 (31%) attained pathologic complete response (pCr). Pathologic complete response correlated with high tumor grade (8/9 had grade 3) and triple-negativity (er negative/Pr negative/Her2 negative) 8 of 9 patients. The presence of DtCs and CtCs was not associated with tumor response to therapy. However, this finding was not statistical significant. in the second group, all patients received adjuvant systemic therapy after initial surgery. in 4 of 21 patients (19%) DtCs were found in the bone marrow at the time of primary surgery. CtCs positivity was detected in 6 of 21 patients (29%) at the time of primary surgery. Control analysis of bone marrow and blood were done 12 months after adjuvant treatment. so far, we have not examined all patients undergoing adjuvant therapy.
. CTCs and DTCs according to the hormonal receptor and HER2 status of the breast tumor ER, estrogen receptors; PR, progesteron receptors; HER2, human epidermal growth factor receptors; CTC, circulating tumor cells; DTC, disseminated tumor cells; NS, non-significant; Black squares represent medians.
DTCs/CTCs in pre-and postmenopausal patients. in our cohort, only 4 of 50 (8%) females were post-menopausal. There were not any differences in DtCs/CtCs occurence in these two subgroups of patients, see table 5. However, error resulting from the small cohort size must be taken into consideration.
Discussion
in this study, we investigated disseminated tumor cells in bone marrow and circulating tumor cells in blood in 50 patients with non-metastatic breast cancer. We found that DtCs determined by imunocytochemistry (iCC) can be detected in bone marrow of approximately 30% patients with breast cancer without distant metastasis. in fact, the detection rate of DtCs in bM from non-metastatic breast cancer patients has been reported to be in the range from 0% [10] to 100% [11] , and this illustrates the variability of results obtained using different techniques or marker genes. in a large (4703 cases) study of stages i-iii breast cancer patients, the incidence of DtCs in bM detected by immunocytochemistry was 30,6% [12] . today, in general, there are 2 different methods for screening bM aspirates for DtCs, namely cytologic/cytometric (antibody-based) and molecular approaches [13, 14, 15] . of the cytologic methods that allow isolation and enumeration of individual cells, immunocytochemistry is the most widely used [14] . The main advantage of cytologic methods is the opportunity to combine immunostaining with the morphology of the cells so that both cell size and shape as well as the nucleusplasma relation can be estimated and invalid expression of the protein of interest in bM cells can be excluded as far as possible. besides immunocytochemical methods, very sensitive nucleic acid-based techniques now enable the detection of DtCs at the single cell level. The main advantage of these methods is the nearly unlimited availability of primers for almost every gene of interest. although numerous genetic alterations have been described in breast cancer cells, the heterogeneity is enormous, so that at present no universally applicable DNa marker exists for the primary screening of a wide range of DtCs [13, 14] . When we looked at pathological data, we found that DtC positivity could point to a significantly high risk of larger primary tumor size and significantly higher risk of lymph node involvement. DtCs have shown significantly higher prevalence in er/Pr-negative females and in Her2-positive cases. These data are in accordance with a studies by braun et al. [12] and Wiedswang et al. [16] , who confirmed that patients with bone marrow micrometastasis had larger tumors and tumors with a higher histologic grade and more often had lymph-node metastases and hormone receptor-negative tumors (p<0.001 for all variables). on the other hand, some studies have reported no association between DtC status and tumor stage, node positivity, hormonal status or Her2 expression [17, 18, 19] . using the adnatestbreastCancer system, our CtCs positivity rate was 22% in primary breast cancer. Detection rates reported by other researchers using different approaches range from 9% to 50% depending on the clinical stages included [20, 21, 22, 23, 24] . There is still currently an ongoing debate whether the rt-PCr (real time polymerase chain reaction) based approach (for example, the adnatestbreastCancer™) or the antibody-based approach (for example, the Cell-search™ system) is superior in a clinical setting to monitor therapy response and to predict prognosis. False positive results can be obtained using both the molecular approach and the antibody-based assay since only epithelial but not unique breast cancer specific markers are available for identification of breast cancer tumor cells. until now, few studies have compared both techniques [25, 26] . When we looked at pathological data, we found no associations between CtCs positivity and t status, node involment, estrogen and progesterone receptor expression, Her2 status. This is consistent with the observation made by krishnamurthy et al. 2010, who detected CtCs by the Cellsearch assay in 92 patients with early stage breast cancer. CtCs occurred in 13 of 43 patients (30%) with t1 tumors and in 12 of 38 patients (32%) with t2 tumors. CtCs were equally prevalent in patients regardless of presence or absence of standard prognostic and predictive markers. There was no statistically significant difference between the occurrence of CtCs and the number of lymph nodes involved with metastatic disease or between the presences of micrometastasis versus macrometastasis in the lymph nodes. For this reason, there was no correlation between the detection of CtCs and pathologic characteristics, including tumor histologic grade, er status, Pr status, Her2 positivity, and metastasis to axillary lymph nodes [19] . in contrast to the previous findings of krishnamurthy and our findings, Fehm et al. evaluated CtCs in blood of 431 primary breast cancer patients and showed that the presence of CtCs significantly correlated with positive nodal status (p = 0.04), negative er [27] . in our study, both CtCs in peripheral blood and DtCs in bone marrow occurred simultaneously in only 2/50 (4%) of patients with primary breast cancer. The clinicopathologic characteristics of these patients did not differ significantly from the characteristics of patients who demonstrated either CtCs or DtCs alone or from those of patients who were entirely negative for minimal residual disease. The lack of correlation between CtCs and DtCs and either CtCs with standard prognostic and predictive markers in our study raises the possibility of independent modes of dissemination to the different homing sites. The median follow-up for our study was too short, and hence, we did not attempt to assess survival data related to CtCs and DtCs in the current report. However, we plan to perform and report survival analyses once we have longer follow-up. our results are not in line with Pierga et al. [20] , who found a correlation between the occurrence of disseminated tumor cells in bone marrow and circulating tumor cells in patients with primary and metastatic breast cancer. However, they observed no complete concordance between the presence of tumor cells in blood and bone marrow. This might reflect the fact that blood is only a temporary compartment for disseminated cells. The halflife of circulating tumor cells may be short [28] and not all circulating tumor cells may settle in distant organs such as the bone marrow. taken together, we recommend the measurement of both circulating tumor cells and disseminated cancer cells in bone marrow in the context of clinical studies in M0 patients in order to obtain more information on the added clinical value of circulating tumor cell measurements. We used DtCs/CtCs analysis for therapy monitoring in a small group of 29 patients, who underwent neoadjuvant chemotherapy. We found no significant correlation between DtCs/CtCs detection and the primary tumor response to NaCt. We also observed the occurrence of CtCs in patients who were initially negative for CtCs, suggesting that CtCs might be released from distant organs into the circulation [29] . However, this change might also be due to false-negative findings in the initial analyses or a short transit time of CtCs in the circulation. on the other hand, patients with initially detectable CtCs rendered into a negative status, which may suggest a cytotoxic effect of chemotherapy on CtCs in a subset of patients. also, the switch from DtC negativity to DtC positivity can be explained by the presence of low number of therapy-resistant DtCs (either below or above the detection limit), which will be detected as persistant DtCs at follow-up. Previous findings suggest that DtCs/CtCs are relatively resistant to chemotherapy, probably due to their low proliferative potential [6, 30, 31] . The vast majority of DtCs in bM and CtCs in blood appear to persist in a nonproliferating state which was shown by ki-67 negativity [21] . Furthermore, only half of the breast cancer patients with DtCs relapse, whereas the other half remains tumor free over a 10-year follow-up period [12] . on the other hand, this dormant state of DtCs/ CtCs might also be the cause for the lack of effect of adjuvant chemotherapy on the elimination of these cells in high-risk breast cancer patients [6] . in order to escape from the dormant state into the dynamic phase of metastasis formation, dormancy has to be disturbed probably by both genetic and epigenetic changes in the DtCs/CtCs as well as in the surrounding microenvironment or premetastatic niche [32, 33] . However, conditions and timing of outgrowth of dormant tumor cells are not known to date. our results are in agreement with published reports describing no correlation of DtCs/ CtCs persistence with treatment response [26, 34, 35] . in contrast, Hayes and colleagues indicated that CtCs in peripheral blood of metastatic breast cancer patients at any time during therapy directly reflect the patient´s response, or lack of response, respectively, to therapy [36] and are therefore superior or additive to conventional imaging methods [37, 38] . a pathologic complete response is recognized as an early measure of both local and systemic minimal residual disease after NaCt and predicts improved outcome in most patients. a pCr was achieved by 31% of the patients in our study, however, no association was found between pCr and the detection of DtCs after NaCt. becker et al., in a series of 120 patients undergoing primary systemic therapy, also reported that bone marrow disseminated tumor cells were not completely eradicated in patients with complete pathologic response [30] . in another series of 154 patients, viable disseminated tumor cells were still present in the bone marrow of 10 of 24 patients with pathologic complete response [39] . Pierga et al. investigated 118 patients with locally advanced breast cancer and found that persistence of CtCs at the end of neoadjuvant chemotherapy did not correlate with treatment response but was an independent prognostic factor for early relapse [34] . Pathologic complete response of patients was significantly associated with high tumor grade and triple negativity. This result is in line with the GeparQuattro study. The latter focused on detection and characterization of CtCs before and after neoadjuvant therapy in the peripheral blood of patients with breast cancer. twenty (15.0%) initially CtCpositive cases were CtC-negative after NaCt, whereas 11 (8.3%) cases were CtC-positive after NaCt, although no CtCs could be found before NaCt. CtCs detection did not correlate with primary tumor characteristics. Further, there was no association between tumor response to NaCt and CtCs detection [40] .
Conclusion
This study has some limitations. First, it includes a relatively small number of patients, and for some patients, control sampling was not available as a result of a missing sample drawing or unsuccessful collection.
second, the follow-up period is still too short to permit any conclusions to be drawn regarding the prognostic and predictive impact of DtCs/CtCs in the different type of treatment, and we have to wait for a longer time of observation. However, we think that it is important to underline on the basis of previous clinical trials that DtCs/CtCs detection generate prognostic information that would be useful in a clinical setting. analysis of the fate of DtCs/CtCs during and after treatment can provide information on the presence and load of minimal residual disease at distant sites and indicate the need for optimized treatment. Further molecular characterization of DtCs/CtCs can be helpful in improving and individualizing treatment strategies in breast cancer patients. in conclusion, the continuous progress of basic research towards better understanding of the molecular mechanisms leading to metastasis in combination with the molecular characterization of DtCs/CtCs at the single-cell level holds great promise for successful individualised treatment of breast cancer patients in the near future.
acknowledgements: This work has been supported by Grant agency of Charles university no. 59410, by Prvouk-P-27/lF1/1, by rvo-vFN 64165/2012 and svv 266 515.
